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ABSTRACT 
Investigations of soil parameters, infiltration 
testing, and storm .observations are used to determine 
the infiltration characteristics for three Central Flo-
rida stormwater holding basins. Basic soil parameters 
·-
are investigated and a value for available soil water 
storage . is computed from these data. 
In-situ permeability and infiltration tests are 
used to obtain field permeability ~nd infiltration rates. 
Infiltration test results may be applied to infiltration 
theory. Data from infiltration tests may be verified 
using available soil water storage computed from soil 
parameters. The effect of soil cover conditions is 
noted and investigated using the drum infiltrometer. 
Storm observations are used to confirm infiltration 
models. Infrequency of rainfall activity limited the 
number and reliability of observations. The effects of 
precipitation frequency and input intensity to the pond 
are also noted in storm observations. 
A design procedure incorporating infiltration in 
stormwater retention basins is presented. This design 
procedure is based on infiltration theory and observed 
pond operation. 
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CHAPTER I 
INTRODUCTION AND SCOPE OF STUDY 
The need for disposal of urban runoff and the control 
of stormwater pollutants has led to widespread use of re-
tention and detention basins, swale catchment areas, an d 
o'ther flow storage or routing facilities, in ·addition 
to combined sewers. In examining the performance of storm-
water basins, it is necessary to investigate the fate o f 
stormwater and its pollutants. Investigations of storm-
water basins ar~ presented in this report in an attemp t 
to evaluate infiltration characteristics of basin soil s . 
Infiltration characteristics are e~timated by so i l p ara -
· meters and infiltration tests. Actual infiltrat i on rates 
are observed as a result of storm events. 
There may be one or more reasons for w~nting to know 
the infiltration capacity of a stormwater basin. If 
restriction of groundwater recharge is necessar y for 
pollution control, evaluation of soil parameters and ' the 
use of infiltration tests will determine i f allowable re -
charge rates are e x ceeded. The infi ltration capacity 
of the soil must also be known if i t is to be used as a 
means of stormwater stor age. 
1 
2 
Qualitative aspects of ~tormwater on infiltration 
are not investigated, though it is recognized that storm-
water quality will ultimately affect infiltration. The 
study is also limited to seasonal conditions, since field 
studies were . conducted during the early fall and winter . 
months. Furthermore, seasonal conditions were not normal 
due to low previous rainfall amounts. Therefore, soil 
data reflect these conditions. Evaporation is largely 
neglected due to the short time periods of basin operation 
and seasonal conditions. This study is also limited geo-
graphically to ·three sites in the East Central Florida 
area. Therefore, results reflect the characteristics 
of the particular soil types found in this area. · 
Present stormwater control practices may consist 
of one or several methods applied together. Essentially 
these practices are non-structural or structural. Exam-
ples of non-structural ·measures include street sweeping, 
refuse control, and agricultural plant rotations. Struc-
tural measures include flow divers i on, combined sewers, 
settling basins, gravel and sand filters, and retention or 
detention basins. Retention basins are those designed to 
capture --and hold stormwater flows, while detention 
basins are designed to reduce flow volumes by tempor- : 
arily restraining flow. A stormwater holding basin 
3 
may be designed to display characteristics of both of 
these basin types through the use of diversion structures 
or weirs. 
Much is already known about the design of stormwater 
ponds for input volumes. Several methods exist for the . 
determination of the input hydrograph given watershed data, 
design storm information, and stormwater transmission 
system characteristics. Einhouse (1976) suggested that 
preliminary design procedures for these facilities include 
the following steps: 
1. Computation of the input hydrograph. 
2. Review of requirements and codes of governing 
agencies. 
3. An evaluation of existing and future watershed 
drainage charcteristics. 
4. Consideration of alternative sites for the pro-
posed facility. 
In the case of detention basins, output hydrograph 
and placement of outlet structure must be consider ed . 
It is the main objective of this study to refine 
stormwater basin design by consideration of infil t r ation. 
Further objectives of this investigation include: 
1. Determination of soil and cover condi t ions which 
will influence infiltration r a tes and volumes. 
4 
2. Evaluation of infiltration rates and permeability 
by in-situ testing methods. 
3. Application of infiltration in storrnwater basin 
design to reduce storage requirements and to determine 
the time needed for storrnwater infiltration. 
The approach taken is to examine soil date from 
existing storrnwater retention basins, conduct infiltration 
or permeability tests at these sites, and compare these 
data with actual performance of the facility during a 
storm event. It is desired that through the use of simple, 
yet reliable tests, the infiltration characteristics of 
a potential or existing stormwater basin site can be 
determined. Once the infiltration capacity of the soil 
has been evaluated, decisions can be made regarding the 
worthiness of the site as a percolation basin. Here, 
it is assumed t~at higher infiltration rates are desirable 
in soils. Presently, the State of Florida Department of 
Environmental Regulation (1976) is proposing a rule on land 
application of treated domestic wastewaters~ This rule 
limits the hydraulic loading to a maximum of 3 in/day 
(7.62 em/day) in percolation ponds. This limit is inten-
ded to reduce the risk of groundwater contamination and 
promote further treatment of effluent as it percolates. 
No regulations yet exist for the high rate land application 
of stormwater. However, that is not to say that restric-
5 
tions on percolation in stormwater ponds will not be 
imposed in the future, if it is shown that stormwater 
infiltration has a lasting, adverse effect on groun~water 
or nearby surface water quality. 
·. 
CHAPTER II 
INFILTRATION THEORY 
In the investigation of infiltration characteristics 
of soils, it becomes necessary to understand its control-
ling mechanisms. A review of the forces control l ing infi -
ltration and some mathematical models used for its pre dic-
·tion are presented. 
Infiltration is the movement of water into the so i l 
past the surface of the soil. It is primarily dependent 
on the soil's ab.ility to accept flow under a variety of 
moisture conditions (Chow 1964). The ability of a soil 
to accept flow is dependent on. the value of its coef-
ficient of permeability or hydraulic conductivity. This 
value, in turn, is dependent largely on the numb er an d 
size of void spaces . in the soil. (Spangler and Handy · 197 3) . 
Water flow in soil is mostly the resul~ of capillary 
and gravitational forces (Chow 1964). Molecular forces 
also exist, but result only in the retent ion of hygroscopic 
water by soil particles. This hygroscopic wa ter is not 
normally active in flow. Capillary forces will v ary 
greatly with soils of var iable tex ture, pore size , and soil 
moisture (H~aley and Laak 1973). Larger pore space in soil 
6 
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will reduce the effect of capillarity but will allow more 
gravitational flow. Due to these two forces, infiltration 
in partially saturated soils may be considered a two-stage 
process, one involving unsatu~ated flow conditions, ·and 
the other involving saturated flow. Unsaturated flow may 
be characterized by the filling of available pore spaces 
and the release of trapped air. When saturation occurs, 
infiltration ·rate is then determined by gravitational 
forces alone. 
Several mathematical models have been applied to in-
filtration in soils. Many infiltration models deal with 
the infiltration of rainfall directly into the soil, but 
may be applied here because they consider the pending of 
rainfall, analogous to the pending of stormwater in a 
holding basin. 
Two models of particular note are those derived by 
R.E. Horton (Wanielista 1976) and Green and Ampt (Bouwer, 
1976). Horton's observations resulted in a relationship 
of infiltration rate with time or: 
(1 
where ft is the infiltration rate at the time t, fc is 
the final or ultimate infiltration rate, f 0 is the initial 
infiltration rate, and Ke is the recession constant or 
shape factor for the exponential infiltration curve. 
Through this model Horton related rate of infiltration 
8 
to the amount of water already ln the soil and rainfall or 
input intensity (Chow 1964). 0 
The Green-Ampt . relation is based on percolation orate 
due to gravitational and capillary forces combined, and is 
based on the Darcy flow equation which states that: 
q = kiA 0 (2 
where q is the rate of flow, k is the saturated perrneabil-
ity of the soil, i is the hydraulic gradient, and A is 
the area through which the flow occurs. The Green-Ampt 
relation modifies Darcy flow to include a term for capil-
lary suction. The resulting equation is given as: 
V= k (h + Lo · 0 hwe) 
L 
(3 
where v is the infiltration rate or approach velocity, 
h is the ~ater depth above the soil surface, L is the 
depth of saturated soil and hwe is the capillary suction 
head, _expressed as a n~gative quantity (Bouwer 1976). 
When saturation occurs, flow essentially becomes: 
~d 
v = k (h+L) 
L 
i=h+L 
L 
where l is the hydraulic gradient from equation 2. 
(4 
(5 
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In stormwater ponds, the ·continued deposition of silts 
and oils can effectively decrease infiltration by clogging 
and surface mat formation. This can be shown for saturated 
flow conditions ·by consider;ing the formation of a top 
resistant layer of soil with ·lower permeability. Figure 
1 is a derivation of the effect of a top resistant layer 
of thickness L1 and pe~eability k 1 on a dominant soil 
material of thicknes·s L0 ~~d permeability k 0 . _Figure 2 
is the result of varying the values of the ratios Ll/L0 
and k 0 /k1. As the value of the ratio L1/L0 increases, 
infiltration ratio q1/q0 will decrease for a constant 
value of k 0 /k1. For example, 'if the upper 10% of a soil 
material is clogged by silts, and the permeability of this 
material · is one-tenth that of the parent soil material, 
the resulting infiltration rate will be 52% of the original 
flow without silting and given a hydraulic gradient, i 
equal to 1. As the thickness of the top resistant layer in-
creases, infiltration rate will decrease. 
-An analysis by Hunt (1973) for shallow reservoirs re-
sulted in a more precise solution for seepage from 
axisymmetric constant depth basins. The flow as given by 
Hunt's solution is: 
.. ·q & 
k ~R~ = 1 + R (1.29a + 1.920 b + 2.333c) (6 
where Q is the ·volume of flow, K is the saturated per-
10 
Consider the following: 
... 
J 
dep~ ~l-· · 
. .J__· parent soil layer of ~ility ko 
resistant soil layer of ·, · ·. 
penneabillty kl --- ., ,_ . ··-
·. i: depth L.· -- ,. . · · 
. . .. : o - ...... -· 
. . ... . . . . f 
. . .- . : :: ' .. ·' : .. ·. t 
If the hydraulic gradient i - 1, then it can be 
shown that for the effect of silting: 
1 
where g /g is the ratio of infiltration rate through 
the resistant material to that through the parent 
material before silting. 
Fig. 1. Derivation of the effect of silting 
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Fig. 2. Effect of silting on infiltration 
12 
meability of the homogeneous, isotropic soil, 't1'R2 is the 
area of the free surface of the pond, S is the centerline 
depth of the pond, R is the radius of the free surface, 
and a, b and c are constants denoting the reservoir shape. 
As an example, if a reservoir has a free surface radius 
of 5.19 ft (1.58 m), a centerline depth of 2ft (0.61 m),a . 
groundwater table depth of 6.53 ft. (2· m) and reservoir 
shape values a = -o. 354, b = 1. 861, and ·'C = -o. 507, Hunt's 
solution yields a valve of 1.75 from equation 6. This 
value is essentially an approximation of the hydraulic 
gradient multiplied by a correction factor for the true 
area of infiltration. By estimating the area of the 
bottom of the reservoir and dividing it by the free surface 
area, a factor of 1.359 results. ~1ultiplying this factor 
by the hydraulic gradient yields a flow factor of 1.78-
a difference of 1.7% with Hunt's solution. For a shallow 
pond with gradual slopes and a small value for the ratio 
G/R, the value of the flow factor will approach 1. It 
should be noted that this analysis applies to steady state, 
saturated flow conditions within the pond. Storrnwater 
ponds, however, are subject to transient loading. 
The concept of soil moisture storage also comes into 
consideration with infiltration, as an index of the degree 
of saturation and an indicator as to whether infiltration 
is purely gravitational or unsaturated as well as gra- -
13 
vitational. The theoretically available soil mois ture 
storage in an unsaturated soil may be given by: 
V -= 12 (1-S) n D (7 
Where V is the total volume of available water storage 
in inches of water per square foot of soil, s is t h e 
degree of saturation expressed as a decimal, n is 
' . 
the average porosity of the soil, and D is the depth of t h e 
soil from the soil surface to the zone of saturation in 
feet. The average saturation, S, is computed for the depth 
D. Figure 3 is a graphic~l representation of soil water 
storage capacity ~n inches of water per feet of soil, or 
V/D. The relation is plotted for soils having average 
poro~ities from 20-40%. This concept is applicable to 
homogeneous soils which are not broken by layers of 
relatively impermeable soils. The presence of such l ay ers 
will reduce the effective storage by providing resis tanc e 
to downward flow. 
· InJiltration models are used to describe both ~ates 
and volume of infiltration. Some of the previously men-
tioned concepts will be directly applied· in ev a luation o f 
infiltration characteristics for varlous sites . 
..:, 
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CHAPTER III 
FIELD STUDIES 
To examine the infiltration characteristics of storm-
water holding basins three existing facilities were chosen 
for evaluation. Permeability ranges and w~ter retention 
capacity of the soils were obtained from basic - soil 
tests, ~hile ittfiltration and permeability tests evaluated 
unsaturated and saturated flow in field conditions. The 
results of these tests were then compared with calculated 
infiltration rates obtained from actual storm events. 
· The sites chosen for study consist of two retention 
basins and a swale catchment area. The two retention 
ponds receive storm flow· from closed conduits or open 
channels, while the swale catchment area rece~ves runoff 
from closed channel and overland flow. TI!e larger basin, 
located at Wimbledon Park near Orlando, Florida, consists 
of a· rectangular basin with a closed conduit inlet and an 
elevated outlet conduit. The basin is approximately 
30,000 ft 3 (849.5 m3) in size, and was excavated from the 
soil occurring in the area. It receives runoff from a 
13.8 acre (5.58 ha) development. One-third of the area is 
impervious cover, such as parking lots and rooftops. 
15 
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Two views of the basin are shown ln Fi gure 4. 
The smaller retention basin is located in ~1aitland 
' 
Florida , near Cross Creek. The basin is approximately 
10,000 ft3 (283.2 m3) in volume and receives storrnwater 
flows from a 4 acre (1.62 ha) suburban residential area. 
The pon d received input via a closed condui t storm sewer 
which empties into a trapezoidal channel. Two views of 
the Cross Creek basin are shown in Figure 5. 
The s wale catchment area is located directly adja-
cent to L~ke Nan in Orange County, Florida. The drain-
age area is a 4.9 acre (1.98 ha) apartment development. 
Impervious area such as parking and rooftops make up 
about 74% of the total area. The swale catchment receives 
flow from closed conduits and overland flow from courtyard 
areas. The catchment area is approximate ly 20ft (6.1 m) 
ln width and is separated from Lake Nan by a berm which is 
29 ft (6.1 m) in width and 2.5 ft (0.76 m) in height rela-
tive to the bottom of the catchment. The swale catchment 
area is shown in Figure 6. 
Preliminary analysis for each of these sites included 
soil tests for moisture content , grain size distribution, 
stratigraphy , ~nd porosity. Top soil conditions and ground-
water table locations were also noted, along with the 
general drainage of each site. 
Visual e xamination was used to classify the soils 
17 
Looking East 
West view, showing gaging station 
Fig. 4. Retention basin at Wimbledon Park 
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Looking East 
Inflow Channel 
Fig. 5. Retention basin at Cross Creek 
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East side of catchment - area 
Catchment area showing inflow and outflow culverts 
Fig. 6. Swale <C atchment a .rea at Lake Nan 
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found at each site. U.S. Department of Agriculture (1973) 
classifications- -were used. Soil samples from various 
locations in the pond flo9r at Wimbledon Park were 
classed as Lakeland-Blanton sands by the USDA criteria. 
This implies a relatively high infiltration potential. 
The groundwater table in October 1976, was located 4. 75 ft 
(1.45 m) below the basin floor, and there was no detect-
able gradient. In February 1977, the groundwater table 
was at 7.0 ft (2.13 m~. 
Soils at Cross Creek were generally classified as 
Lakeland-Blanton according to USDA criteria. However, 
borings in the pond floor revealed the presence of some 
organics. This may be due to the pond's proximity to 
a freshwater swamp. In October 1976, the groundwater 
table was located 2.2 ft (0.67 m) below the pond bottom, 
while in February _1977, it was at 2. 5 ft (0. 76 m). The 
groundwater table showed a fluctuation of 3 in (7.62 em) 
as a result of stormwater recharge. The area is generally 
well drained by Soil Conservation Service (USDA 1973) cri-
teria. 
The so~ls in the vicinity of the swale catchment at 
Lake Nan are of the Blanton-Pomello-Plumrner type, accord-
ing to USDA surveys. The bottom of the catchment area 
always appeared wet. The groundwater table depth varied 
between 1.0 ft (0.305 m) in October 1976, and 1.1 ft 
21 
(0.335 m) in January 1977. A hydraulic gradient o f 0.02 
existed between the groundwater table under the pond and 
the free surface of Lake Nan in October 1976. 
Sieve analysis for grain size distribution and unl-
formity coefficients gave the data shown in Table 1. All 
the soils · are gen erally uniform with depth. A thin silty 
layer of mater_ial was encountered in borings taken from 
Wimbledon Park. This laye.r is broken in man.y areas and 
appears to have been deposited when t he adjoining apart-
ment areas were under construction. Porosity values were 
.obtained for sands assuming a specific gravity of 2.65. 
Moisture conterits were recorded at various depths 
at each site to help determine available soil moisture 
storage capacity of the soil. Since sampling took place 
in September, moisture content va1ues might be expected 
to reflect wet season conditions. However, rainfall totals 
are below normal for the 1976 wet season. Table 2 is a 
listing of the variable moisture conditions at each site. 
Moisture content is exp~essed as saturation. The degree 
of saturation in percent is computed by: 
S = G~(w.c.)(l-n) (8 
n 
where S is · saturation in percent, Gs is the specific 
gravity of the soil, w.c. is the water or moisture content 
in percent, and n is the porosity as a decimal. Values in 
Site 
22 
TABLE 1 
EFFECTIVE GRAIN SIZE, UNIFORMITY 
AND POROSITY OF SOILS 
I 
Sample D Uniformity 
depth 10 (D /D ) 
60 10 
(ft) (rnrn) 
Wimbledon Park 0.83 0.04 4. :u 
~ ) 1.5 0.12 2. 0 
3.0 0.12 2., 0 
4.0 0.12 2. 0 
Cross Creek 0.25 0.13 2. 0 
0.5 0.13 2.0 
1.5 0.13 2 ,, 0 
2.0 0.10 2.7 
Lake Nan 0.5 0.14 1.6 
Depth 
1.0 0.13 1.6 
1.5 0.11 2.5 
l 
TABLE 2 
WATER CONTENT VARIATION WITH DEPTH 
EXPRESSED AS PERCENT 
SATURATION 
(ft) 0.5 . 1. 0 1.5 2.0 2.5 3.0 
Porosity 
(%) 
-
37.5 
38.9 
-
34.9 
37.7 
33.3 
-
38.5 
39.7 
-
3.5 4. 
Wimbledon Park 15.4 - 16.7 25.7 30.0 42.8 49 .. 3 86 
Cross Creek 75.3 - 77.7 94.7 - - - -
Lake Nan 67.3 100 - - - - - -
5 
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Table 2 were computed assuming a specific gravity of 
2. 65 for all soil samples.· The moisture content is defined 
as the weight of water in a soil sample divided by the 
dry soil weight of that sample. The degree of saturation 
expresses the ,volume fraction of void . space which contains 
water, and is therefore unavailable for moisture storage. 
Values of saturation in Table 2 show that available mois-
ture storage decreases with depth. 
Topsoil vegetation at ~<Jimbledon Parle consisted of a 
sparse cover of native grasses and weeds. Coverage was 
about 50% over the entire basin floor. There also existed 
a dark, thin surface mat which was cohesive. In many 
locations this mat had been broken up by plant growth 
and degradation due to drying. The surface mat had been 
left by the deposition of oils and silts by stormwater. 
Vegetation at the Cross Creek basin was virtually 
absent as the pond had only recently been built. Ini-
tially, the surface was free of any depositions and co~­
sisted of loose, bare sand. However, a dark cohesive 
layer, similiar to that at Wimbledon, built up over the 
first two months of operation. After this period, traces 
of oils were found in the upper 1.5 in (3.81 em) of soil. 
The top 0.28 in (0. 71 em) of the pond floor was "cemented" 
by these depositions. Observations similiar to these 
were made by Bouwer, Rice and Escarcega (1974) in basins 
used for percolation of secondary wastewater effluents. 
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Percolation basins used in their research received hy-
draulic loading over periods of 20 to 30 days with dry-
ing periods of 10 to 20 days between loadings. Drying 
had the effect of degrading and curling the surface mat, 
exposing relatively clean. soil. This was also observed 
at Cross Creek after drying periods of at least one week. 
Topsoil conditions at Lake Nan consisted of a rela-
tively thick cover of grass which was kept trimmed. The 
effect of deposition of silts and oils in the catchment 
was difficult to detect as vegetation tended to break up 
any surface mat formation. 
To estimate relative infiltration rates for soils at 
each of the three sites, permeability estimates were 
derived using indirect methods of measurement. The results 
of grain size and porosity analysis can be used to deter-
mine the theoretical saturated permeability or range of 
permeability valves for the soil. The Hazen formula for 
filter sands was utlized for initial determination of 
permeability. The Hazen formula is given by: 
k = CD2 
10 
(9 
where k is the permeability in em/sec, C is a coefficient 
whose value is 100, and D10 is the effective grain size 
in em. This formula is generally limited to effective 
sizes ranging from 0.1 to 3.0 mm and uniformity coeffici-
ents less than 5, and applies to clean sands. Therefore, 
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using the Hazen formula should result in upper limits of 
permeability for these soils. Grain size and porosity 
data were also compared to laboratory tests results for 
sands with uniformity coefficients of 2 to 12 and D1o/D5 
ratios of less than 1.4 (U.S. Navy 1971). Finally, sieve . 
analysis data were ·applied to test results reported by 
Garlanger (1976) for Florida sands. 
The results of indirect methods for permeability 
determination are shown in Table 3 and show that the Hazen 
values for permeability are consistently high. A general 
comparison of results shows the highest permeabilities for 
topsoils at Lake Nan and soils at Wimbledon Park, followed 
by soils at Cross Creek and lower soils at Lake Nan. 
Though indirect methods will give general ranges 
for permeability of a soil, other factors must be taken 
into consideration when determining actual permeability 
·for field conditions. These factors include soil moisture 
conditions, topsoil conditions, the presence of fissures 
in topsoil, and other inconsistencies in the soil make-up. 
Due to the difficulties encountered with ·trying to obtain 
an undisturbed soil sample for laboratory permeameter 
tests, and a desire for simple yet accurate measurement 
methods, in-situ techniques were chosen for permeability 
and infiltration rate determination. 
To evaluate the permeability of the soils in the 
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vicinity of the groundwater table, the auger-hole bailing 
test was used. This test consists of boring a hole of 
known dimensions to a certain depth below the groundwater 
table, then pumplng the hole out several times to f lush 
out trapped pore particles from the . s~des of the h o le. 
Finally, the hole is allowed to refill while the wa t e r 
depth is recorded over a period of time. Permeability is 
then computed by a procedure outlined by · Spangler ·and 
Handy (1973). The permeability of the soils in the 
upper groundwater zone was measured with this technique 
at Cross Creek and Lake Nan. This method was unsuccess ful 
at Wimbledon Park due to collapsing soils. The results 
of the tests at Cross Creek and Lake Nan are shown ln 
Table 4. As expected, these valves are lower than thos e 
computed by i~direct methods, but the values fall with i n 
the range fo r Florida sands as reported by Garlanger ( 1976). 
Test results also show that the lower soils at Cross Creek 
have a permeability three times that of Lake Nan lower 
soils, thereby disputing the results for indirect analysis 
using correlation to U.S. Navy data. Though this dif f er -
ence in permeability is relatively low, it demonstrat es the 
need to take field conditions into consideration when com-
paring permeability values for differing soils. 
While the auger-hole test provided a simple in-situ 
method for saturated soils in the vicinity of the ground-
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TABLE 3 
PERMEABILITY BY INDIRECT ANALYSIS 
Permeab.ili ty (in/hr)* 
Site u.s. Navy Hazen Fla. sands 
co(rel';)tion 
l976 cormlla E_g_. 9 
(Garlanger) 
Wimbledon Park 13.18 20.4 10 
Cross Creek 
topsoil 10.1 17.15 4.5 
lower soils 8. 7 23.95 l - 25 
Lake Nan-Shoals 
topsoil 21.26 23.95 4 
lower soils 10.77 - l - 25 
* (em/sec) = (in/hr) X 7.05X1Q-5 
TABLE 4 
PERMEABILITY BY DIRECT MEASUREMENT 
f-. Permeability (in/hr)* 
Site Auger-hole infiltrometer Drum 
Falling head Canst. hd. fc 
Wimbledon Park - 12.3 - 7.1 
Cross Creek 3.76 0.32 0.33 0.23 
Lake Nan 1.28 0.59 - 0.67 
* (em/sec) = (in/hr) X 7.05X1Q-5 
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water table, a method was still needed by which topsoil 
permeability could be evaluated. For this reason, the 
drum infiltrometer test was used. The drum infiltro-
meter is intended to evaluate the permeability of the 
unsaturated soils above the groundwater table, and 
to account for topsoil cover conditions. The test con-
sists of pending a section of soil by driving a section 
of a 55 gallon drum or other large tube into the soil 
and filling it to a specified depth with water. The 
drop in water level is then recorded with time. Pre-
cautions are taken to insure that short circuiting of 
water around the inside wall of the drum does not occur 
by applying a clay seal around the inside wall. The 
drum must also be deep enough into the soil to prevent 
"boiling" or piping of the water around the inside of 
th~ drum wall and back up around the outside wall. 
Piping occurs when there is sufficient hydraulic head 
to create an upward flow great enough to disturb soil 
particles. Evaporation losses in drum infiltrometer 
tests are minimized by covering the drum between readings. 
A deflector is used while filling the drum so as to pre-
vent disturbance or erosion of the topsoil. 
A test similar to this is described by Chow (1964). 
This test involves the use of another smaller diameter 
tube which is driven into the soil confined by the 
larger ring. Both tubes are then filled to equal depths 
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and the water level within the smaller tube is recorde d . 
This is meant to reduce the effect of flow spreading 
which ma y occur in soils with greater horizontal t han 
vertical permeabilities . . The effect of flow s preading 
on test results is discussed later in this report . 
Ana lysis of test da t a results in values o f infil -
tration fo r both unsaturated and saturated fl ow conditions. 
The Horton infiltration equation may be appl ied to test 
data to find initial and final infiltrat i on rates, along 
with a value . for the recession constant or shape factor. 
Ana lysis begins by plotting accumulated infi ltration or 
water level drop against time as shown in Fi gure 7 for 
a test at Wimbledon. As can be seen, infiltration ap -
proaches a near ly steady rate of accumulation after a 
certain period of time. This data is t h en plotted as 
shown in Figure 8. This is done by computing the 
average infiltration rate for each s u c c e ssive increment 
of time as shown for Wimbledon in Tab le 5. The result is 
a serni~log plot of infi~tration ra t e with time. This is 
a graphical representation of t h e Horton equation. The 
initial infiltration rate is f ound by extending the plot 
to the ze r o value of time . Th e final · infiltration rate 
is estimated as the va lue at which the curve seems to 
"flatten" or apprach a c onstant rate. The final in-
filtration rate ma y a ls o be computed directly from the 
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accumulated infiltration-time graph. By rearranging 
the Horton equation, the _rec~ssion constant may be 
computed by: 
Ke = ·-1 
t 
(10 
where f is the infiltration rate at time t, £0 is the 
initial infiltration rate, and fc is the find infiltra-
tion rate. If t is expressed in hours, then Ke will 
h h . fh -1 ave t e unlt o ours . __ . 
The saturated permeability of the soil may also be 
determined from infiltrometer data by the consideration 
of Darcy's Law. In a stormwater pond with low maximum 
depth, large free surface area, and a relatively deep 
groundwater table, the hydraulic gradient will be only 
a little greater than 1. Final infiltration rate will 
be approximately equal to the permeability of the area 
of infiltration. In deeper ponds, saturated permeability 
will be even more important since the hydra~lic · gradient 
will be significantly greater than 1. Permeability is 
measured using the drum infiltrometer by allowing the 
soil to become saturated, and then applying Darcy's Law 
for a falling head or constant head perrneameter, depending 
on whether the water level in the drum is allowed to drop 
or is kept at a constant depth by refilling. For a falling 
head test, Darcy's Law may be rearranged (Spangler and 
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Handy 1973) to give: 
K = L ln _(ho/hf) 
t 
(11 
where K is the permability, L is the depth of saturated 
soil, ho is the initial head, hf is the final head. I f 
a constant head is kept on the soil by continually ad-
justing the water depth, permeability may be computed . 
for saturated flow by direct application of Darcy's Law. 
Drum infiltrometer tests were conducted for all 
three sites using various water depths in drum ranging 
from 2 in (5.1 ern) to 11.4 in (29 em). The tests were 
also conducted for at least 4 locations at each site to 
account for the inhomogeneous nature of the soils and 
cover conditions. A total of 10 tests were conducted 
at Wimbledon Park, 14 at Cross Creek, and 6 at Lake Nan. 
Several of the tests at each site were unsuitable due 
to short circuiting or piping problems. As a result, 
6 tests were analyzed for Wimbledon Park, 7 for Cross 
Creek, and 4 for Lake Nan. 
Unsaturated infiltration was evaluated by the 
methods previously discussed. Accumulated infiltration 
for tests at Wimbledon, Cross Creek, and Lake Nan are 
shown in Figures 7, 9, and 11. Figures 8, 10, and 12 
are infiltration rate-time graphs and Table 5 is a 
tabulation of data for these three examples. The results 
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TABlE 5 
INFILTRATION DATA AND COMPurED RATES 
FOR EXAMPLE TESTS 
Test Elapsed Accumulated 
time infiltration 
(hr) (in) 
Wimbledon Test 0.008 0.39 
No. 3 0.025 0.83 
0.042 1.10 
0.083 1.73 
0.167 2.96 
0.250 4.10 
0.292 4.65 
Cross Creek 0.12 0.12 
Test No.4 0.33 0.22 
0.47 0.26 
0.83 0.35 
1.33 0.45 
2.47 0.67 
· lake Nan Test 0.10 0.15 
0.20 0.24 
0.33 0.33 
0.67 0.51 
1.00 0.70 
Infiltration 
rate 
(in/hr) 
47.2 
26.0 
18.9 
15.1 
14. 6• 
13.7 
13.2 
1.00 
0.46 
0.29 
0.25 
0.21 
0.19 
1.50 
0.91 
0.68 
0.56 
0.57 
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for initial and final infiltration rates and recession 
constants .for all the tests analyzed are shown in Table 
6. The initial water depth in the drum for each test 
is also shown. 
The drum infiltrometer tests did define the relative 
differences in infiltration rates and permeability among 
the three sites. The average values for Horton equation 
parameters for each site are shown in Table 7. These 
values confirm the highest rates for Wimbledon, followed 
by Lake Nan and · Cross Creek, respectively. Despite nearly 
equal grain sizes, a higher groundwater table, and lower 
permeability for soils in the groundwater zone, infiltra-
tion rates are higher for Lake Nan than those for Cross 
Creek. This is believed due to the higher porosity of 
soils at Lake Nan and the presence of soil cover vegeta-
tion to create fissures in the topsoil. Generally 
greater water depths were used in the Lake Nan tests, 
and may have had an influence an overall infiltration 
rates. 
The effect of variation of water depth in the drum 
infiltrometer does not appear significant for tests at 
Cross Creek and Lake Nan. However, the effect of drum 
water depth is seen in final infiltration rates for the 
tests at Wimbledon Park. 
Because of the combined effect of moisture content, 
Site 
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TABLE 6 
DRUM INFILTRCMETER RESULTS FOR HORTON 
INFILTRATION PARAMErERS 
Test Initial fo 
No. water 
depth in 
drum 
-
fc 
- (in) . (in/hr) (in/hr) 
W.imbledon Park 1 2.0 20 6.3 
2 3.7 32 7.8 
- 3 5.9 60 13 
4 8.3 29 13 
5 10.2 40 16 
6 11.0 55 19.4 
Cross Creek 1 3.1 1.25 0.19 
2 3.5 0.84 0.26 
3 3.5 0.65 0.08 
4 3.6 1.57 0.19 
5 3.6 2.6 0.42 
6 5.0 1.·2 0.26 
7 5.9 1.05 0.13 
IakeNan 1 3.9 3.4 0.57 
2 5.9 2.3 0.73 
3 9.1 2.4 0.56 
4 9.8 5.1 0.83 
Ke 
(hr-1) 
49.1 -
36.9 
48.8 
25.1 
16 . 6 
15.4 
8.0 
5.3 
2.3 
5.1 
8.4 
0.8 
6.0 
4.0 
6.0 
8.4 
6.8 
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soil type and applied hydraulic head, the . effect of soil 
cover alone was difficult to quantify. However, the 
effect of soil cover was observed in that vegetation · 
appeared to break up surface mat formation and provide 
fissures for entrapped air to e$cape from the soil. This 
was observed by a "bubbling" around plant roots as pond-
lng occurred. At Wimbledon and Lake Nan, surface mat 
formation was hindered ' by plant growth. Bouwer (1974) 
states that observations for secondary effluent percola~ 
tion ponds indic~te that infiltration rates were higher 
for those ponds with a vegetative cover. Chow (1964) also 
states that rainfall infiltration rates are higher for 
soils which have a vegetative cover. 
A relatively heavy, cohesive surface mat built up 
over the pond floor at Cross Creek. The surface mat 
required approximately one week for degradation to cause 
break ~p ~nd curl~ng of the mat. The influence of surface 
mat formation on infiltration is shown by the results 
of Tests 4 and s · at €ross Creek. Test 4 was conducted 
on a section of soil upon which a cohesive surfa_ce mat 
had formed from recent loading. Nearby, Test 5 was con-
ducted on a section of soil with no surface mat. Soil 
moisture conditions were assumed equal for both tests as 
they were run on the same day and in close proximity of 
each other. Initial drum water depths were equal for the 
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tests. The initial infiltration rate was . l.7 times 
higher for Test 5 and its final rate was 2.2 times 
higher than that for Test 4. The surface mat thickness 
was 0.28 in (0.7 em), and the groundwater depth was 
27.6 in (70 em). Considering a ql/q
0
.ratio of 0.45, 
an L1/L0 ratio of 0.01, and the assumptions of Figure 1, 
one may estimate the permeability of the surface mat to 
be nearly 120 times less than the permeability of the 
dominant soil material. 
Saturated- flow was evaluated by using Darcy's Law 
for £alling head and conitant head conditions. Data 
from the saturated flow portions of drum infiltrometer 
tests were used in this analysis, along with the as-
sumption that saturation was complete between topsoil 
and groundwater table. The results of this analysis 
are shown in Table 4. Permeability values for falling 
head and constant .head analysis at Cross Creek are 
quite close. However, these _values are over an order 
of magnitude less than values for auger-hole tests and 
indirect analysis. The average permeability of the Lake 
Nan topsoils is less than half that obtained by auger-
hole tests. Therefore, soils ln the groundwater table 
were not the limiting factors ln infiltration rates. 
Final infiltration rates were also used in estimating 
permeability by assuming a hydraulic gradient of 1 and 
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using only those tests with initial drum water depths 
less than 5 in (12. 7 em). These values are also shown 
in Table 4, and are in good agreement with values of 
permeability obtained by applying Darcy's Law for a 
falling head. 
The next step in evaluating drum infiltrometer 
data was to examine soil water storage capacity and 
recession factors, and to compare these with theoretical 
moisture storage. Initially, theoretical moisture capa-
city of the soil was computed using -equation 7 and 
moisture content or saturation data. The resulting soil 
water capacities for Wimbledon, Cross Creek, and Lake 
Nan are shown in Table 8. Total capacity for each site 
is computed by considering the depth of the parti~lly · 
saturated or unsaturated soil. It should be remembered 
that these values reflect seasonal moisture conditions 
and groundwater depth as well as soil porosity. 
The time required to attain saturated flow conditions 
0 0 
can be estimated from the accumulated infiltration-time 
graphs or infiltration rate-time graphs by observing 
the time at which infiltration rate is approximately 
equal to the final infiltration rate. The total ac-
cumulated· infiltration-time plot. Table 8 is a com-
parison of soil moisture storage computed from porosity 
and saturation data with the average values of ac-
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TABLE 7 
AVERAGE HORIDN PARAMErER VALUES AND SHAPE 
FACIDRS ADJUSTED FOR FLCW SPREADING 
Site fo fc Ke AdjustedKe 
(in/hr) (in/hr) (hr-1) (hr-1) 
Wimbledon Park 39.3 12.6 31.9 9. 2 
Cross Creek 1.3 0.23 5.1 2.2 
Lake Nan 3.3 0.67 6.3 5.2 
TABLE 8 
THEOREriCAL AND ca.1PUTED SOIL 'WATER SI'ORAGE 
Site Soil water Total Test Results (averages 
capacity capacity Water Soil depth Tine to 
accumulatErl saturated satura 
tion 
(m/ft) (in) (in) (in-soil) (min) 
.... 
Wimbledon 2.15 10.2 1.3 7.2 4.6 
.. 
Cross Creek 1.35 2.7 0.41 3.7 31.3 
Lake Nan 1.7 1.7 0.43 3.0 30.5 
) ~ 
45 
cumulation from drum infiltrometer tests. As can be 
seen from these data, only the top 3 in (7.62 em) to 
7 in (17. 78 em) of topsoil were saturated in the drum 
infiltrometer tests. The infiltrometer confined topsoils 
from a depth of 3 in (7.62 em) to 4 in (10.16 em). This 
implies that the wetting front develops into horizontal 
flow after saturating the soil confined by the drum. 
Figure 13 is a sketch ·of the assumed and actual flow 
conditions in the .. drum infiltrometer. Assuming that 
horizontal perme~bility of these soils is great~r than 
vertical permeability, final infiltration rates are de-
pendent on the topsoils confined by the drum. 
Since test results reflect -saturation of only top-
soil layers, then the value of the recession constant 
is high, if it is assumed that infiltration results in 
saturation of all the soils above the groundwater table. 
A procedure is suggested, by which the time of saturation 
can be estimated for the soils above ·the groundwater 
table. Assuming that the permeability of the soil above 
the groundwater table is equal to that of the topsoil, 
a time of saturation for the entire soil layer may be 
estimated by multiplying the average time to reach satur-
ation from Table 8 qy the corresponding ratio of ground-
water table depth to average depth of saturation. Values 
for average depth of soil saturated are shown in Table 
8. Estimated times of saturation are also shown in Table 
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8, The estimated time of saturation ~or the entire zone 
above the groundwater table is given by: 
(12 
where tsat is the time required to saturate the entire 
zone above the groundwater table ( or other impermeable 
barrier), tis the time required to saturate depth of soil . 
ltou and ltotal is the depth to the groundwater table or 
.... 
other barrier. It should be noted that this applies only 
to homogeneous soils. The above relation also assumes a 
direct, linear relationship between time of saturation 
and depth of soil saturated. 
For the ·times of saturation computed with the above 
equation, adjusted value~ for the recession factor Ke can 
be computed, using equation 10. The adjusted values 
for Ke are shown in Table 7 for average test values of 
f 0 and fc. 
To evaluate the actual infiltration characteristics 
of stormwater ponds, field observations had to be made 
for storm events. The technique employed was that of an 
input-output mass balance. The basic mass balance equa-
tion for a pond over a period of time may be written as: 
ilS = S(t+ ~t)-S(t) ~ 
0( At) 
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_P ( ~ t) + Q ( ~ t) - I ( L\r t) - E ( n t 2 
(_13 
where 6S is the ·net storage change ·over the time increment, 
P ( Llt) is the precipitation input, Q ( At) is the boundary 
surface inflow, I ( ~ t) is the ·infiltration during the 
time, E( 4t) is the evapo-transpiration, and O( At) is the 
boundary surface outflow. Changes in groundwater are 
accounted for by storage ·changes· if there is no surface 
outflow and if evaporation is assumed neglegible over 
the period of time in which this balance is applied. 
In this case, the mass balance becomes: 
flS = P( ~t) + Q(llt) - I( i:lt) · (14 
To determine infiltration with time, measurement 
must include input hydrograph, rainfall monitoring, and 
poind depth gaging. The actual volume of water in the 
pond is estimated by the use of a storage-elevation curve , 
which is a plot of stora.ge volume given water elevation 
at some point. _One such curve was developed for · the 
pond at Cross Creek and is shown in Figure 14. It is 
also necessary to derive an area-elevation curve since 
the ponded area will vary .with sloping sides. Figure 
15 is a plot of the area-elevation curve for the Cross 
Creek basin. Inflow is determined simply by measuring 
channel or pipe ·depth and applying Manning's formula 
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for open channel flow. The use of Manning's formula 
assumes that flow in the channel is without transitions 
or turbulent conditions. 
Once rainfall, input hydrograph, and pond volume 
are known, infiltration is computed by subtracting 
incremental pond volume ·from incremental input by: 
~ f = ~ Q + ~ P- ~s (15 
where ~f is the volume of water infiltrated during the · 
time increment, ~Q is the volume of input during the 
period, l:l P is the precipitation volume, and ~ S is the 
storage change in the ·pond during the time increment. 
The average infiltration rate over the time period is 
given by: 
f = ~f 
~t A 
(16 
where · f is the average infiltration--- rate, At is the 
time increment and A is the average ponded area during 
the time increment. 
Due to the small size and infrequency of storms 
during the period from October 1976, to February 1977, 
no reliable field observations were made at the 
Wimbledon and Lake Nan sites. In all cases that data 
were collected, small storm size severely ~imited both 
amount and reliability. The only data used are those 
5 !2 
collected for two storm events at Cross Creek. Pre-
dictability of time of occurrence also limited storm 
observations since observations were done manually. 
The . two storms recorded at Cross Creek were an 8 
hour ·0.45 in (1.14 em) storm on December 14, 1976, and 
a 1.5 hr. 0.30 in (0.76 em) storm on January 14, 1977. 
Both storms were the result of cyclonic or frontal 
activity, and the January storm was more intense than 
the December storm. Input hydrographs were computed 
using Manning's formula for a channel slope of 0.033 and 
a roughness coefficient ·of 0.015, pond depth, rainfall, 
and input measurements were made over various time 
intervals from 5 minutes to o~5 hr. during the storm, and 
subsequent measurements were taken as the pond emptied. 
The computation of infiltration hydrographs from 
field observations is shown in Table 9 for the December 
storm and Table ·10 for the January storm. Hydrograph in-
put in both of these tables represents both surface inflow 
and rainfall contribution. However, for both storms, 
rainfall contribution was very small relative to runoff 
input to the pond. For pond volumes of less than 500 ft3 
(14.16 m3) field. obs~rva~ions were not sensitive enough 
to distinquish actual storage volume from total input 
with reasonable accuracy . . The resulting infiltration hy-
drographs for these storms are shown in Figures 16 and 17, 
Date Clock time 
12/14 0845 
0945 
1015 
1045 
1100 
1115 ..... , ,-. 
1145 
1200 
1230 
1300 
1500 
12/15 0900 
12/16 1000 
TABLE 9 
CCMPUTATION OF INFITRATION HYDRCGRAPH 
AT CROSS CREEK FOR 0.45 rn. STOR1 
Total stom Observed Volume fjTime 
input volurre change 
(ft3) (ft3) (ft3) (hr) 
Start 0 
312 400 - -
- -
451 500 
- -
519 600 
' 1.25 788 710 78 
.. 866 740 48 0.25 
'138 .. .. 
1004 740 0.5 
1133 760 109 0.25 
1301 800 128 0.5 
1409 820 88 0.5 
1609 850 170 2. 0 . 
- 230 620 18 
- 0 230 25 
-~ L____--- - ~----- ~ 
Avg. area 
ponded 
(ft2) 
-
-
-
2150 
2175 
.. 2185 
2195 
2210 
2225 
2235 
1640 
820 
~ ~-- - - ~ ---
Avg. 
infiltration 
rate 
(in/hr) 
-
-
-
0.35 
1.08 . 
. 1.51 
2.39 
1.39 
0.95 
0.46 
0.25 
0.14 
lJ1 
w 
Date Clock tirre 
1/14 2025 
2030 
2045 
2055 
2105 
2122 
. .. .. \ . ..... 
'2137 
2142 
2157 
2210 
2240 
1/15 1000 
1500 
-
.____. 
TABLE 10 
COMPUTATION OF INFILTRATION HYORCX;RAPH 
AT CROSS CREEK FOR 0. 30 IN. S'IORM 
Total stonn Observed Volume I.:.Tirre 
:input volume change 
(ft3) (ft3) (ft3) (hr) 
Start 0 
- -38 40 
- -240 300 
- -442 440 130 0.583 632 500 . 
940 730 78 0.283 
··.: 1209 149 0.283 850 21 0.083 1240 860 
1291 870 72 0.25 
- -1317 910 
1347 920 20 0.50 
360 610 11 '~.5 -
200 160 5.0 -
Avg. area 
IXJnded 
(ft2) 
-
-
-
1500 
2110 
2240 
2263 
2267 
-
2300 
2050 
1500 
Avg. 
:infiltration 
rate 
(in/hr) 
-
-
-
1.50 
1.57 
2.82 
1.32 
1.52 
-
0.20 
0.29 
0.26 
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with input hydrographs for the storms. The infiltration 
hydrographs are ·similar in shape except for differences 
in the "lag" period before the peak infiltration rate is 
observed. ·The peak observed rates for the December and 
January storms are 2.39 in/hr (1.7 x lQ-3 cm/·sec) and 
2.82 in/hr (1.98 x ·lo-3 em/sec) respectively. The lag 
times observed for these ·storms seem to depend on input 
intensity. The elapsed time to infiltration p e ak for 
the December. storm was . approximately 3 hr while that 
for the January storm was 1 hr. In both cases ·, the 
peak infiltration rate was observed after the input 
volume had reached approximately 1000 ft3 (28.32 m3). 
According to unsaturated flow theory, initial, sud-
den pending produce ·an initial infiltration rate which 
is infinite in magnitude. However, initial infiltration 
rate will actually be limited by the rate of input, ac-
cording to Smith and Chery (1973). If input is less than 
the infiltration capacity of the soil, infiltration will 
proceed at the rate ·of input until a point on an intil-
tration decay "envelop~" is reached. At this R9int, 
infiltration will . decay exponentially to final rate 
(Smith and Chery 1973). Figure 18 is an example of one 
such family of infiltration decay curves similiar to 
that presented by Smith and Chery for the solution of 
the single partial differential equation for unsaturated 
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flow. Because hydraulic loading in stormwater ponds 
is not uniform (due to single isolated input and un-
eveness of pond floor), initial infiltration rates will 
not duplicate ·the rate of input, but will also depend on 
the change in ponded area. 
As noted earlier, peak-average infiltration rates 
for storm observations occurred after approximately 
equal inputs. This input corresponded to a total pond 
volume of 740 ft3 (20.95 m3) and 760 ft3 (21.52 m3) for -
the December and -January storms respectively. As can 
be seen from Figure~ 14 and 15, these values represent 
a "filling" or ponding of the basin floor. In Figure 
15, depth does not increase appreciably until a certain 
area is ponded. Therefore, the lag time may represent 
the time required to complete ponding of the basin floor. 
Observations show that an average of 25% of the pon?ing 
input was infiltrated before peak-average infiltration 
rates were observed. This infiltration accounted for 
16% of the . total input from the December storm and 
17. 8% of the total input .from the January storm, or an 
average of 250 ft3 (7.08 m3). 
The next step in analyzing storm observations was 
to analyze the data analogous to the way that drum in-
filtrorneter data is evaluated. This was accomplished 
by first computing and plotting accumulated infiltration 
60 
in inches against time. Accumulated infiltration is cal'-
culated by dividing each infiltration increment by the 
average area of pending during that time in which the 
infiltration occurred. Accumulated infiltration tabula-
tions for the December and January storms are . shown in 
Tables 11 and 12 respectively. Figures 19 and 20 are 
infiltration graphs for these data. Figures 21 and 
22 are infiltration rate' graphs from these tabulations. 
By considering the accumulated infiltration graphs 
analogous to storage demand curves, where final infil-
tration rate is likened to demand or output, the resul-
ting soil moisture storage is . 2.9 in (7.37 ern) and 2.6 in 
(6.6 ern) for the December and January storms. Theoreti-
cal moisture storage was computed as 2. 7 in (6.86 em) 
from soil porosity and moisture data. Existing soil 
moisture conditions before each storm were evaluated by 
examining rainfall and evaporation data for the period 
following December .1, 1976. Rainfall data from the 
National Weather Service Office at Orlando International 
Airport and an automatic gaging ·station at Cross Creek 
were used. By assuming boundary inputs to be equal to 
boundary outputs for the pond area, the relative soil 
moisture was estimated as 0.14 in (0.36 ern) greater prior 
to the January storm. Data from Figures 18 and 19 in-
dicate that soil moisture ·was 0.30 in (0.76 ern ) greater 
for the January storm. 
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TABLE 11 
ACCUMUlATED INFILTRATION AT CROSS CREEK 
FOR 0.45 IN. STORM 
Clock time ~Volmre Avg. area Incremental Total 
:pJnded infiltration infiltration 
(ft3) (ft2) (in) (in) 
0845 0 0 0 · 0 
0945 
1015 
1045 
1100 78 2150 0.44 0.44 
1ll5 48 2170 0.26 0.70 
1145 138 2185 0.76 1.46 
1200 109 2195 0.60 2.05 
1230 128 2210 0.70 2.75 
1300 88 2225 0.47 3.22 
1500 170 2235 0.91 4.13 
0900 620 1640 4.54 8.67 
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TABLE 12 
ACCUMULATED INFILTRATION AT CROSS CREEK 
FOR 0.30 rn. S'IDRM 
C1~k time Volume Avg. area Incremental 'Ibtal 
ponded infiltration infiltration 
(ft3) (ft2) (in) (in) 
2025 0 0 0 0 
2030 
2045 
2055 
2105 130 1988 0.80 0.80 
2122 78 2100 0.44 1.24 
2137 149 2240 0.80 2.04 
2142 21 2263 0.11 2.15 
2157 72 2267 0.38 2.53 
2240 20 2300 0.10 2.63 
1000 610 2050 3.57 6.20 
1500 160 1500 1.28 7.48 
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Though soil moisture was greater prior to the 
January storm, higher infiltration rates were observed. 
The peak infiltration rates are 2.4 in/hr (1.7 _x lo-3 
em/sec) and 2~82 in/hr (1.98 x lo-3 em/sec) for the 
December and January storms respectively. The higher 
peak infiltration .rate observed for the January storm 
is due to the ·fact that ponding was more "sudden" for 
this storm. In the case of the December storm, the ra~e 
of input was lower, allowing the depletion of some mois-
ture storage and resulting in lower observed infiltration 
rate. 
The recession constants are 1.25/hr and 1.61/hr 
for the December and January storms, and were computed 
from data in Figures 20 and 21 using equation 10. The 
recession constant is slightly higher for the January 
~torrn. This, and the higher peak infiltration· rate ob-
served for the January storm seem to agree with the 
solution of the partial differential equation for un-
saturated flow and variable input intensity· as discussed 
by Smith and Chery (1973). However, not enough data 
were collected to define an infiltration envelope like 
that in Figure 18. The physical meaning of a higher re-
cession constant is that soil saturation is completed 
sooner. 
Average maximum pond depths for the storms at Cross 
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Creek never exceeded 0.41 ft (12.5 em) for a ponded area 
of nearly 2300 ft 2 (21?_- l m2). For these conditions, 
the hydraulic gradient could not be expected to exceed 
a value of 1.16 for a groundwater depth of 2.5 ft (0.76 m) 
and assuming an area of infiltration equal to the free 
water surface area. Therefore, the effect of a variable 
hydraulic gradient could not be observed. It should 
then be noted that the final infiltration rates . reflect 
the value of the permeability of the pond soils. 
In comparison of in-situ tests with actual pond 
infiltration, several factors must be considered. The 
effective hydraulic gradient under which the drum in-
filtrometer test is conducted will differ with actual 
conditions in the pond due to the area ponded and ground-
water flow patterns. Ponding due to stormwater input will 
also occur over a variable area, whereas the drum infil-
trorneter test is conducted over a confined, constant area. 
Table 13 is a comparison of drum infilt~ometer test 
results ·with storm observations at Cross Creek. The 
average of the peak infiltration rates for storm observa-
tions is equal to the maximum observed in tests and twice 
the average test value for f 0 . The final infiltration 
rates for ·storm observations are very close to the average· 
test value for fc. The observed values for shape factor 
are nearly half that of the adjusted average value of Ke. 
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The drum infiltrometer tests therefore, tend to under-
estimate infiltration rates and the time required to 
saturate the soil. 
Drum infiltrometer data were also compared- with 
soil information (porosity and moisture content) by 
computing the ·available soil water storage for test re-
sults. Since infiltration rates represent the ac-
ceptance rate of water by soil, integration of tqe in-
filtration curve ·with time ·will result in a total volume 
of water infiltrated or "stored" during that time. The 
total volume is given by: 
where I is the volume of water infiltrated in inches, 
from that time t 0 to time t1, e is the base of natural 
logarithms, and f 0 , fc and Ke are the Horton infiltra-
tion equati~n parameters. 
Using the infiltrometer test averages shown in Table 
7 and assuming soil water storage is depleted when the 
infiltration rate is within 1% of the final rate, storage 
volumes are computed, these results are shown in Table 
14, where . they are compared with values of soil water 
storage from Table 8. Values of soil water storage for 
Wimbledon and Lake Nan are within 3% and 24% of those 
values computed from soil parameters. However, the soil 
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TABLE 13 
CDMPARISON OF DRUM INFILTIDv1ETER DATA WI'IH 
SIDRM OBSERVATIONS AT CROSS CREEK 
fo fc Ke 
(in/hr) (in/hr) (hr-1) 
In£iltrorneter 
range 0.65 - 2.6 0.08 - 0.42 0.8 - 8 . 4 
average 1.31 0.23 2.2* 
Stonns 
0.45 in. 2.4 0.24 1.25 
0.30 in. 2.8 0.30 1.61 
* Value adjusted for flow spreading 
TABLE 14 
COMPARISON OF SOIL WATER SIDRAGE VALUES BASED 
ON lliFILTROMETER DATA WITH COMPUTED 
VAlDES FRCM TABLE 7 
Site 
Wimbledon 
Cross Creek 
Lake Nan 
Available soil water storage 
Soil data (Table 7) Infiltrometer 
(ill) (in) 
10.2 10.5 
2.7 1.2 
1.7 1.3 
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water storage as computed for Cross Creek is nearly half 
that computed from soil parameters. Since the Table 
8 value of soil water storage at Cross Creek . is confirmed 
by storm observations, the average drum infiltrorneter 
values for initial infiltration rat~ and recession con-
stant are in error. This may be due either to soil mois-
ture condi.tions which prevailed during the tests or an 
unrepresentative sampling of the pond area or both. 
Two notable drawbacks to the drum infiltrometer 
tests as conducted for this study were the use of several 
different water depths in the drums and the effect0f 
lateral soil water flow. In evaluating infiltration 
characteristics of a site, tests should be conducted 
under equal hydraulic conditions so as to provide a re-
lative range of infiltration rates. · This will give 
some measure of the true range of soil permeability 
at the site. Drum water depth should also be kept low 
so that the time needed to fill the drum does not pre-
vent accurate measurement of initial infiltration rates. 
To reduce the effect. of lateral flow spreading, the drum 
should be jacked into the ground as far as possible 
without excessive soil -disturbance. The procedure out-
lined by Chow (1964) where a . concentric ring inf iltro-
rneter lS used, may be applied to reduce the effect of 
lateral spreading. 
CHAPTER IV 
APPLICATION OF INFILTRATION IN STORMWATER BASINS 
In the design of stormv-1ater facilities such as 
retention ponds, infiltration characteristics may b e 
considered as a means of storii1Vlater disposal or ground-
water recharge. If this · recharge poses a possibl~ t hreat 
t o domestic water suppl.ies or significant degradation of 
e x ist i n g g r oundwater quality, restrictions similar to 
those for land application of domestic wastewaters may 
be considered. Proposed rules by the State of Flor ida 
Department of Environmental Regulation (1976) f o r land 
application o f domestic wastewaters i nclude restrictions 
on hydra ulic application rates and requirements for 
undergroun d trave l d i stances and detention times. Gar-
langer (1 976 ) s uggests that topographic and stratigraphic 
conditions be investigated prior to site selection for 
wastewater recharge ponds. The presence of thin aquitards 
will effectively reduce infiltration volume. 
Evaluation of a site for a storrnwater· basin should 
include the following analyses: 
1. Soil identification, porosity, presence of 
impermeable layers and general drainage. 
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2. Location of free groundwater table," soil mois-
ture .retention; and its seasonal variability. 
3.· Rainfall data, includi~g storm frequency. 
4. In-situ permeability and infiltration testing. 
Soil moisture ·conditions are ·highly variable in the 
pond floor due ·to transient hydraulic loading, in addi-
tion to rainfall and evaporation. It is therefore neces-
sary to determine ·the frequency of storm events and to 
consider depletion of soil moisture by groundwater flow 
and evaporation during the ·peri~d between storms. For 
high rainfall frequency and low depletion rates, design 
infiltration rates may be limited to low or saturated 
infiltration rates. 
Infiltration arid permeability testing should be 
conducted over various locations at the site to better 
evaluate the range of permeability for the soils in the 
area. Use of the drum infiltrometer should provide · an 
estimate of the time required to saturate soils above the 
groundwater table or other impermeable barrier. Drum 
water depth may be kept· within 6 in (15.2 em) to better 
duplicate initial ponded conditions and obtain infiltra-
tion rates that are not significantly affected by _water 
depth. Drum tes·t data should be · compared with soil water 
storage capacity to verify the reliability of test data. 
In de~igning a percolation pond, it will be neces-
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sary to consider the ·typ.e ·of construc.t ·.ion to be ·used, 
the area available ·for construction, ma~imum pond depth, 
the effect of soil cover and silting, and choice of 
alternative ·sites· ·for pond location. Alteration of 
exis t; ing soils will res.ult in changes in permeability 
and soil m:o isture ·conditions. · rf the pond is to be 
excavated from surrounding soils, it will be necessary 
to adjust soil water capacity for the new groundwater 
table depth. · Infiltration tests may not be possible until 
construction has begun. If the pond is to be built by 
construction of dikes, tests may be conducted on existing 
s.oils. Provisions should be made ·for the use of a cov.er 
crop or occasional raking of the pond floor to prevent 
clogging by silts and soils. The effect of silting on 
infiltration in bare soils can be estimated using Figure 
2 if maximum silted _layer depth and permeabilities 
of parent soil and silted or clogged soil are known. 
Once the soil water storage capacity, · time required 
to reach -saturation, infiltration rates, and input hy-
drographs are known, infiltration may be incorporated 
directly into stormwater basin design. An example de-
sign proce_dure is outlined here. This procedure utilizes 
the soil water storage ·capacity of the soil and the 
saturated permeability of the soil to provide an extra 
degree of storage ·for stormwater input. For simplifi -
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cation, a constant pond area is assumed. However, the 
design procedure may be modified for basins with sloping 
sides which contribute to infiltration. 
The design procedure begins with the· computation 
of the input hydrograph . The input hydrograph used in 
this e xample is shown in Figure 23. It is computed for 
a 20 acre (S.l .ha) area and a design storm of 2 in/hr 
(5.08 cm/hr) and 3 hr. duration. The Rational Method 
is used assuming a runoff coefficient of 0. 8. · The 
total volume represented by this input is 8.0 acre-ft 
(9786 m3). Assurnethat soil and infiltration tests yield 
the following parameter ~alues: 
1. Porosity n = 0.35, Average Saturation Savg = 
65%, and highest ground .water depth is 5 ft (1.52 m). 
2. The Horton infiltration equation from infil-
trometer tests is given by f = 5 + (25 - 5) e-7t where 
f is the infiltration rate in/hr and t is time in hr. 
Using Figure 3, soil water storage _capacity is 
0.62 ft (0.19 m). However, integration of the Horton 
equation with time yields a storage capacity of 0.6 ft 
(0.18 rn). Therefore the smaller storage capacity is 
selected for design. 
Assuming that a maxlmum pond depth of 5 ft (1.52 m) 
is desired, the required area of the pond is given by: 
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Assumptions: 
1. Q = CiA (C = 0.8) 
2. Time of cone entration = 3 :h ·r. 
Fig._ , 23. Input hydro graph for :design example 
i 
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Area = 8.0 ·a ·c·r ·e·-ft =; 1. 43 acre (_0. 57 h.a) (18 
(5 + 0.6) ft 
The total time required to deplete soil water storage 
depends on infiltration rates and input intensity. The 
time needed t o/ complete saturation is . given by: 
t 
sat = ·-11n[cs·. ·o-s·-s)1 = o.9 hr 7 (25-5) J (19 
if s a turation is assumed when infiltration is within 1% 
of the final rate. This time is summed with the time 
required to complete initial ponding or inunda~ion. 
The pond floor is inundated to an average depth of 0.5 ft 
·(0.15 m). If infiltration is neglected during the time 
required to complete ponding, a time of 1.3 hr is needed 
with the given input hydrograph. Therefore, the total 
time required to deplete soil water storage is 2.2 hr. 
The volume of water · "stored" ln the soil is given by: 
Vs = (0.6 ft)(l.43 acres) = 0. 858! acre-ft 
(1051 m3) (20 
The total pond volume at this time is 1.278 acre-ft 
(1576.4 m3). 
If the value of the hydraulic gradient i is assumed 
equal to 1 and the final infiltration rate is equal to 
the permeabiility, then the final output rate is given 
by: 
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Q0 ut = K i (Area) = 7.21 cfs (0.204 m3/sec) (21 
Maximum depth will be attained when the ·input flow on 
the ~alli~g limb of the hydrograph is equal to the 
output flow due ·to infiltration. From the input hydro-
graph shown in Figure 23, the input will equal output 
at 5. 33 hr. Total volume ·infiltrated due · to saturated 
flow is given by: 
Vout = (7.21 cfs~(3~00 sec/hi)(5.33 hr 2.2 hr) 
- 8 1,200 ft . 
= 1. 87 acre-ft (2-300 m3) (22 
The ultimate pond volume lS then computed as: 
Vult= 8.0 acre-ft 0.858· acre-ft 
= 5.272 acre-ft (6441.2 m3) 
The ultimate or maximum pond depth is: 
. Dult =· s ·.2"J2· A·c·r ·e·- -ft = 3. 7ft (1.12 m) 
1.43 acre 
1.87' acre-ft 
(23 
(24 
. . 
This represents a total reduction in volume of 3L~% when 
compared with a ·retention basin designed without consi-
deration of infiltration. 
h . ,, t• " T ls represents a conserva lve design procedure 
ln that infiltration is assumed to begin only after 
ponding of the basin floor. Storm observations show 
that infiltration ·began while filling of the basin floor 
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was in progress. However, · observations were not sensitive 
enough to accurately describe infiltration rates during 
the beginning of th~ storm. Furthermore, · the hydraulic 
gradient will attain values· greater than 1 for maximum 
pond depth. In the ·above ·example, the hydraulic gradient 
will attain a value ·of 1.74 for the maximum depth. 
Design of stormwater holding basins using infiltration 
may be adapted to computer solution by direct application 
of the Horton equation with time step computation of in-
put, output, and basin dimensions. Incremental input 
and output may be ·used to estimate actual values of 
hydraulic gradient resulting in more accurate determina-
tion of saturated flow rate~. 
Generally, detention or retention basins are de-
signed for longer duration storms since total runoff 
volumes are greater (Wanielista 1976). However, short 
duration-high intensity storms are sometimes used for 
the design of facilities for smaller areas. If a re-
latively short duration storm is used in design, it is 
important to check that hydrograph ~ur~t~on will exceed 
the time required to de~lete available soil water stora~e. 
If hydrograph duration is short, not all of the available 
soil water storage capacity may be utiliz~d in reduction 
of basin size. Hydrograph duration will also depend on 
the time of concentration for the drainage area contri-
buting flow. 
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Anothe r point for consideration is rainfall inten-
sity. If r a infall intensitY- is sig~ificant during early 
moments. of the storm, infiltration in the basin will 
result from direct rainfall input. The available soil 
water storage ·can be ·adjusted for this by substracting 
rainfall infiltration from available soil water storage 
and adjus t ing initial infiltration rates to r e f lect this 
depletion. 
CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
Results of soil and infiltrometer tests for three 
study sites indicate that soil type (grain size and poTo-
sity), moisture content, and soil cover conditions will 
have the greatest influence on infiltration rates. The 
highest rates obtained are those for very uniform, well 
drained soils at Wimbledon Park. In spite of good drain-
age at Cross Creek, infiltration rates are one-third 
those at Lake Nan. This is due most likely to lower 
porosity soils above the groundwater table and the lack 
of soil cover vegetation at Cross Creek. Average ini-
/ ( 2 X 10 -4 tial infi~tration rates varied from 1.3 in hr 9. 
em/sec) to 39.3 irt/hr · (2·. 8_ xlo- 2 em/sec) and final rates 
varied from 0.~3 in/hi (1.6 x lo-4 em/sec) and 12.6 in/hr 
(8.9 x lo-3 em/sec) at Cross Creek and Wimbledon Park 
respectively. · The value of the recession constant varies 
directly with the infiltration rates encountered in the 
soil. 
Infiltration data for Wimbledon Park and Lake 
Nan are supported by results of comparisons of soil water 
storage with values of soil water storage from soil data. 
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Therefore, the drum infiltrometer provides an acceptable 
method of evaluati~g near surface conditions for infil-
tration into soils. Tho"ugh ·lateral flow spreading af:.. 
fected value~ ·of re~e~sion constant Ke, the time 
required to saturate the ·entire soil zone can be esti-
mated by assuming ·a direct reiationship between time of 
saturation and depth of soil saturated . . The variability 
of infiltrorneter tes·t res.ults indicates the inhomogeneous 
nature ·of the soils and soil cover at a particular site. 
Final infiltration rates at Cross Creek varied by a factor 
greater than 5 . 
. Though infiltration rates will . determine the time 
required to saturate ·a soil, groundwater table location 
ultimat ely decides the ·volume of water that may be stored 
in a soil. Groundwater table depth varied by 2.25 ft 
(0. 69 ~ m) at Wimbledon Park., resulting in a potential soil 
water storage change of 0.40 ft (0.12 m). Therefore, 
variation in groundwater depth mus~ be considered when it 
is desired to incorporate infiltration into stormwater 
basin design. 
Soil pore clogging and surface mat formation results 
in a temporary reduction in infiltration rate. Tests 
at Cross Creek indicate .that surface mat formation re-
duced final infiltration rates by ·nearly 2 times. These 
tests assume homogeneous soils and equal moisture condi-
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tions in two adjacent test locations. Soil cover 
vegetati~n . was · ·observed to break up surface mat and pro-
vide fissures for escaping air as ponding occurred. It 
is desirable to either provide for soil cover vegetation 
or raking of pond floor soils to maintain infiltration 
rates. 
Storm observations support the applicability of the 
Horton infiltration e~uation for shallow ponds. , Observa-
tions also support the ·use of the available soil water 
storage to predict the ·volume of water that can be stored 
in the soil. The smaller value of soil water storage 
obtained for the ·January 1977 storm than that for the. 
December 1976 storm is confirmed by examination of rainfall 
and evaporation data. It is therefore necessary to examine 
precipitation frequency to determine prevalent soil mois-
ture conditions or "worst" conditions in the case of 
design. 
Infiltration can be incorporated into stormwater 
basin design provided that soil water storage is adequate, 
infiltration measurements reflecting actual field con-
ditions in the pond floor are possible, and soil 
characteristics provide no barriers to flow. The choice 
of a design storm and inflow hydrograph will decide 
whether all of the availaole soil water storage is 
utilized. Reduction of stormwater basin size will be 
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possible in some cases, dependi~g on the soil water 
storage ·and saturated permeability. 
It is sugges.ted that design and input parameters 
be varied to determine their effect on basin area re-
quirements and infiltration characterist~~ of the basin. 
Variation of des.ign storm will result in variable input 
intensity and time ·needed to inundate _the pond floor. 
Rainfall input to the ·pond must also be considered in 
cases where intensity repres.erits a comparatively sizable 
portion of total input. 
It is also recommended that the . drum test be modi-
fied to include a coericentric ring configuration. This 
will prevent lateral flow spreading," thus giving a more 
accurate interpretation of the time required to saturate 
the soils. 
Several aspects of infiltration in stormwater ponds 
remain open to investigation. A more detail e d analys i s 
of factors affecting infiltration should be con ducted. 
Tests should be conducted to evaluate the following 
parameters: 
1. Flow spreading and drum burial depth. 
2. Soils with horizonal permeability gr eater than 
vertical p e r meability. 
3. Soil cover conditions. 
4. Long ter m deposition of silts and oils. 
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Soil moisture measurements should be made ··immediately 
after stormwater pond soils have become ·saturated, to 
determine soil water content variability with time. 
Further observations should include larger storm 
event~ to evaluate 'saturated flow and the effect of 
varying pond aiea in basins with sloping s~des. It is 
recommended that tes·t b.as.ins be built with controlled 
inputs to evaluate ·the effect of varying input, · pond area 
and soil cover conditions. The use of such basins would 
enable observations to be made without having to rely 
solely on storm observations. 
The qualitative ·effects of storrnwater infiltration 
on groundwater and soils in the vicinity of .the storm-
water basin should also be studied. The extent of pol-
lutant removal by infiltration and · the travel of pollutant 
into shallow aquifers or surface waters are important 
matters for concern when considering the use of infiltra-
tion in stormwater retention and - detention basins. 
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